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Energy policy has become more encompassing over the last decade including security of supply, market efficiency and environmental objectives. Energy research development and deployment (RD&D) investments are expected to contribute to realizing these energy policy objectives as well as to the more general RD&D objectives to strengthen the economic position of nations. Policymakers and firms thereby face the task of deciding how to allocate RD&D funds to competing existing and future technological options. This task is not trivial as budgets are limited, the outcomes of RD&D are highly uncertain and the different technological options may be in different stages of development. On the one hand, investments in the further development and deployment of relatively mature technologies may lead to positive economic and environmental benefits on the relatively short term. On the other hand, R&D investments in frontier technologies with a larger distance to market are much more uncertain but may yield learning benefits and lead to competitive advantages on the longer term. 

For policymakers RD&D portfolio management is thus a problem of exploration and exploitation, of striking a balance between allocating funds to the further development of existing technological options or to the search for potentially successful future technological options. This balance between exploration and exploitation is the topic of the current paper. The allocation decision for an individual nation state depends both on existing national capacities and on international developments. Policy evaluation exercises, be they ex ante, in process, or ex post, are an important input to such budget allocation decisions.

Policy evaluation uses a range of research methods to systematically investigate the effectiveness and efficiency of policy interventions. Evaluation studies of RD&D activities show great heterogeneity in terms of evaluation design and goals. In part this is a reflection of the fact that policy goals and accompanying evaluation criteria change over time. For example, in some countries we observe a shift from policy that was predominantly geared towards achieving environmental benefits to an emphasis on economic benefits in times of economic downturn. In addition evaluations often focus on the relatively short term, evaluating a specific measure or framework programme. As the time horizon for policy and evaluation studies is often short in comparison to the duration of new energy technology development processes, outcome based evaluation is sometimes difficult. Many evaluations therefore focus on intermediate innovation indicators such as patents or scientific publishing. This heterogeneity in evaluation designs makes international comparison of energy RD&D policy difficult and thereby reduces opportunities for policy learning and transfer. Such a long term evaluation might however yield useful insights for policymakers regarding the exploration-exploitation trade-off.

There thus exists a need to compare and evaluate patterns of RD&D budget allocation between countries and over longer periods of time. This paper provides a methodology for such a comparison. We thereby take an agnostic approach and use only input and outcome based measures, based on the idea that despite differences in institutional setup, resource endowments or national capacities, countries allocate energy RD&D budgets to those technologies that they consider most likely to contribute to their economic and environmental goals.

The task faced by policymakers is how to allocate RD&D funds to different technological options. The policymaker can decide to allocate the complete budget to that technological option that currently shows the best performance according to some criterion (exploitation), or to invest budget in a technology that is currently not considered best in order to learn more about the performance of that technology (exploration). Future performance of a technological option is of course influenced by the allocation decisions of policymakers. Several authors have suggested that this exploration-exploitation dilemma can be considered as a so-called multi-armed bandit problem and have used analytical solutions of the problem to come to policy recommendations (Cowan, 1991; Gittens, 1989; Whittle 1980). In this paper we use a different approach and compare the analytical solutions to the multi-armed bandit problems with the RD&D allocations made by countries to gain insight in the exploration-exploitation dilemma in energy RD&D. The multi-armed bandit is named after the slot machine (one-armed bandit) where the decision maker has to decide which arm to pull. In the multi-armed bandit problem the decision maker had to decide how to allocate resources to different options. Resource allocation to technological options can be thought of as a draw from a distribution with some unknown value. 

We describe the performance of technological options in terms of deployment, associated emissions and learning benefits. The value of options may increase over time, due to the support by RD&D funds or due to exogenous factors such as in our case RD&D support from other countries. Multi-armed bandit for which the values of non-played arms may change over time are also called restless bandits. A solution to the multi-armed bandit problem consists of a correct allocation of resources on the basis of past performance, that is, an allocation that yields the largest (discounted) benefits. The Gittins index policy provides an optimal solution to multi-armed bandit problems, that is, in the case where the projects are independent from each other and only one project at a time may evolve. In the case of the restless bandit, when multiple projects can evolve, the Gittins index policy is a known good heuristic but no optimal solution exists. We will use the Gittins index policy as a theoretical benchmark in this paper. In order to calculate the Gittins index data on past performance of technological options is necessary plus a discount factor that describes how the decision maker values future payoffs. This discount factor can thus be used as an indicator for the level of exploration versus exploitation. Using the restless bandit problem and the Gittins index policy to analyze the allocation decisions that were actually made provides several insights regarding whether the allocation decision of different countries differ regarding (1) the match between the observed allocation decisions consistent and the theoretical benchmark, (2) the discount factor.
In order to calculate the Gittins index policy for the actual allocation of RD&D funds to different technological options we use IEA data on R&D allocations to energy technology over the period 1974-2007. We then calculate the Gittins index policy for different performance measures: the CO2 emissions of energy production using OECD energy statistics, the actual share of a certain technological option in a nations energy mix using OECD energy statistics and the learning curves of different technological options. Our calculations provide insights in the energy RD&D allocation strategies used in different nations.
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